. It was only after finishing our study, that Bräuer and coworkers 1 reported the successful isolation of a moderately acidophilic methanogen belonging to 2
Methanomicrobiales order (5) . 3
The aim of the present study was to investigate how high acidity and low temperature 4 can affect the functioning of the methanogenic community, its structure, and hence, 5 methane production in a peat bog, as well as to obtain a pure culture of an acidophilic 6 methanogen. We used the same bog samples as in our previous study (21). 7 We obtained peat samples from Bakchar Bog, which is located in West Siberia 8 (57°N, 83°E). The main unforested part of the bog is covered with continuous Sphagnum 9 moss and patches of vascular plants (Carex, Menyanthes, and Equisetum sp.). The 10 detailed location of the bog and structure of the plant community has been described 11 earlier (21, 29). The samples were taken in July 1999 at a depth of 30 -50 cm below the 12 water table from the site covered with Equisetum. The peat pH values were in a range of The samples were transferred into sterile plastic bottles, transported to the laboratory 16 and then stored at 4 o C for up to 3 months before analysis. The peat samples were handled 17 anoxically under a N 2 atmosphere as described before (21). An aliquot (15 ml) of the 18 samples was placed into a sterile serum bottle (60 ml), gassed with N 2 , closed with a 19 sterile black butyl rubber stopper and then incubated in darkness without shaking. 20
Samples were adjusted to different pH values by addition of either 1 M HCl or 1 M 21 NaOH. The total incubation time depended on temperature and pH and varied from 20 to 22 360 days at 25°C (pH 4.8), and 4°C (pH 3.8), respectively. Production rates of CH 4 were 23 determined as described (21). Experiments were done in duplicate or triplicate. The δ 13 C 24 of CH 4 and CO 2 was determined at the end of the incubations as described before (21).4 with N 2 and closed with rubber stoppers. The tubes were incubated at different 1 temperatures and the concentrations of intermediates were monitored until they reached 2 steady-state (21). The experiments were initiated by injecting 0.5 ml of carrier-free 14 acetate-dependent CH 4 production (f ac ) and the fraction of CH 4 produced from H 2 and 8 CO 2 (f H2 ) were determined as described before (21). All experiments were done in 9 triplicate. 10
The sampling for DNA extraction and T-RFLP analysis of archaeal 16S rRNA genes 11 was carried out using duplicate peat samples taken at the end of incubations (using all 12 except those incubated at 4°C) and stored at -20 o C. The procedure was described in 13 detail before (21). The initial pH of the medium was adjusted to 4.5 using 0.1 N HCl. Peat samples from 22 different research sites were used as inoculum. As soon as visual turbidity developed, 23 CH 4 production was measured and an aliquot was transferred to fresh medium of the 24 same composition. The same medium was used to assay pH and temperature dependence 25 of the cultures. 26
The procedure used for DNA extraction from methanogenic cultures has been 1 described previously (16). Primers Ar12f (25) and Ar1542r (19) were used to amplify the 2 nearly complete 16S rRNA gene of the isolated methanogens. Primer combinations 3 ME1/ME2 and MCRf/MCRr were used to amplify mcrA fragments. The PCR reaction 4 mixtures and the other thermal cycling parameters were as previously described (24, 33), 5 however with 32 cycles and an annealing temperature of 50 o C for the amplification of the 6 16S rRNA gene. PCR products were purified with the QIAquick PCR Purification kit 7 (Qiagen, Hilden, Germany). Sequencing of PCR products was performed using the 8
BigDye terminator cycle sequencing kit on an ABI 377A DNA sequencer (Applied 9
Biosystems, Forster City, CA). Sequences were assembled using the Laser-gene software 10 package (DNASTAR, Madison, Wis.) Phylogenetic analysis of the sequence data was 11 made using the ARB software package and its databases (23) as previously described by 12 (24). The 16S rDNA and mcrA sequences obtained in this study have been designated in 13 the database of GenBank under the accession numbers: DQ677518 and DQ677519, 14 respectively. 15
Rates of CH 4 production, acetate turnover and fractions of the relative contribution of 16 acetoclastic and hydrogenotrophic methanogenesis were measured in peat samples 17 incubated at different pH and temperatures (Table 1) . Rates of CH 4 production decreased 18 with decreasing pH and temperature. Under most incubation conditions, acetoclastic and 19 hydrogenotrophic methanogenesis contributed to total CH 4 production at a ratio of about 20 65 and 35%, respectively, as expected from our previous study on the same peat bog (21), 21 results of which are included in Table 1 . However, hydrogenotrophic methanogenesis 22 became the dominant path of CH 4 formation (>92%), when the peat samples were 23 incubated at pH 3.8 and at low temperature (4 or 15°C) ( Table 1 ). Note that these are 24 realistic in-situ conditions. The relative increase of the role of H 2 -dependent 25 methanogenesis was confirmed by the δ 13 C of produced CH 4 , which became increasingly 26 depleted in 13 C with decreasing pH (Fig.1 ). The ratio of δ 13 CO 2 to δ 13 CH 4 gives an 27 approximation of the apparent fractionation between CO 2 and CH 4 , which can be 1 calculated according to α C = (δ 13 CO 2 +1000)/ (δ 13 CH 4 +1000)). The α C increased from 2 1.053 at pH 6 to up to 1.072 at pH 3.8, confirming a relative increase of 3 hydrogenotrophic methanogenesis at low pH (18, 39). 4
The archaeal community structure in the samples incubated at different temperature 5
and pH values was determined by T-RFLP analysis. Most of the incubations exhibited the 6 same T-RFLP patterns that had been reported in our previous study (21), The stimulation of hydrogenotrophic methanogenesis at low pH prompted us to 14 attempt the isolation of acidophilic methanogens. Three methanogenic strains MB2, 15 MB3, and MB4 were enriched in a low ionic strength medium supplemented with 16 H 2 +CO 2 at pH 4.5 and subsequently isolated as pure cultures, after repeated transfers. All 17 three strains were from different samples collected at different peat bog research sites 18 covered with Carex, Equisetum and Menyanthes species (21). The organisms have similar 19 morphologies and are long rods, growing both as single cells and in associations (Fig. 3) . 20
The cells are often irregularly twisted. All strains had an identical 16S rRNA gene 21 sequence, and thus belong to the same species. Phylogenetic analysis revealed that the 22 new strains represent a new species within the genus Methanobacterium (Fig. 4) ; the 23 closest relative was Methanobacterium congolense with 97% sequence identity. The 24
McrA amino acid sequence of strain MB4 was most similar to that ofsource when using a mineral medium that contained tiny amounts of yeast extract 1 (0.002%) and acetate (0.003%) as additional carbon sources. The growth rate was very 2 slow (on the order of days), as the cultures were fully grown after about 2 weeks. Most 3 notably, the cultures grew at low pH and low temperature and produced CH 4 over a range 4
of pH values (3.8 -6.0) and temperatures (5 -30 o C), with maximal rates at pH 5.0 -5. 5 5 and 25 -30 o C. 6
Our study shows that pH is an important factor influencing not only the rate of 7 methanogenesis, but also the CH 4 production pathway and the methanogenic archaeal 8 community. A shift from acetoclastic to H 2 -dependent methanogenesis occurred between 9 pH 4.7 and 3.8 (Table 1) . Predominance of hydrogenotrophic methanogenesis has also 10 been observed in other acidic peatlands (10, 22, 27), and is possibly explained by the 11 existence of acetic acid in its free form at pH < 4. Methanobacterium indicates that members of this methanogenic genus may have a large 4 capacity for adaptation to extreme pH conditions. It should be noted that the genus 5
Methanobacterium already contains two alkaliphilic and one moderate acidophilic 6 species (20, 30, 43), thus collectively having the widest growth range concerning pH 7
(from 3.8 to 9.9). However, there are also reports on enrichments (6, 34) of acidiphilic 8 archaea belonging to novel archaeal clusters. One of these was recently isolated (5). Like 9 our isolate this archaeon is also a hydrogenotrophic methanogen, but belongs to a novel 10 cluster within the order Methanomicrobiales. 11
Our study expands our knowledge about the mechanisms of CH 4 formation and 12 diversity of methanogenic archaea in acidic peat bogs. 
